Abstract: Impulsive noise is one of the major challenges for reliable transmission over power lines. Interleavers provide higher protection against the impulsive noise by dispersing information across the channel and spreading the burst of errors over multiple codewords. Multi-fold turbo (MFT) coding is a technique that improves the communication reliability using multiple interleavers. In the MFT codes, each data subsequence is equally protected. For applications in which data constitute information with various levels of importance, it is intuitive to offer the more important subsequence, a stronger protection. A modified form of the MFT codes capable of providing unequal error protection over a two-user power-line binary adder channel is proposed here. As a benchmark, two test images are transmitted across the channel. The trellis-based iterative algorithm is modified for the twouser scenario to decode the received signal. The simulation results show a gain of 1.5 dB for the modified MFT code over the conventional turbo codes for each of the transmitted images. A gain of 2 dB is also recorded for the most protected component of each image over the least protected components.
Introduction
Power line communication (PLC) has emerged as an attractive candidate to overcome the scarcity of the radio frequency spectrum and the associated cost [1] . The ubiquitous existence of the already installed power lines makes the PLC very promising for many communication applications, such as data, speech and video transmission, especially in the areas that have no access to digital subscriber line, cable or wireless broadband [2] . Recently, PLC is gaining an increased attention for data transmission in smart grids, in-home networking and many other applications [3, 4] . However, the electrical power lines were originally designed for power delivery rather than data transmission, so they are more challenging compared to other communication media [5] . The dominant challenges in the PLC are attenuation, multiple access (MA) interference, frequency selective fading and time-dependent impulsive noise [6] . A major damage to a signal propagating over the PLC channel is caused by the errors introduced by the short-duration and high-amplitude impulsive noise [5] . The influence of impulsive noise can be suppressed using the forward error correction coding schemes [5] . Turbo codes have the potential to perform very close to the Shannon bound [7] . One reason for such a performance is the process of interleaving [8] . Interleavers disperse the burst errors introduced by the impulsive noise over several symbols causing the errors to appear stochastically [9] . The classical turbo code makes use of a single interleaver [7] . The multi-fold turbo (MFT) coding is a technique that improves the error performance of the turbo codes by increasing the randomness, and bringing the weight spectrum closer to the binomial weight distribution of a random code [10] . The aforementioned characteristic is achieved by dividing the long information sequence into small subsequences, and by making use of the multiple pseudo-random interleavers. In addition to a reliable transmission through an unreliable medium, higher transmission rate is also desired [11, 12] . MA communication allows multiple users to simultaneously share the same bandwidth to increase the transmission rate [13] . However, the mutual interference among the users considerably degrades the bit error rate (BER) performance. The two-user binary adder channel (2-BAC) is the simplest MA channel, in which two users simultaneously transmit on the same frequency and using the same modulation [14, 15] . At the receiving side, a single decoder is employed to determine what each user had transmitted. Both users are assumed to maintain an ideal synchronisation. The 2-BAC is memoryless and accepts two binary inputs at each instance of time, one from each user. Both users are assumed to produce equally probable binary digits {0, 1} that are transmitted across the channel. The output of the 2-BAC, in a noiseless scenario, is the arithmetic sum of the inputs. The decoder processes the received symbol and decodes it into two digits for the two data sinks. If the transmitted bit from each user is zero, then a zero is transmitted over the channel to a receiver that delivers a zero to each of the sinks. If the transmitted bit from each of the users is one, then a two is transmitted over the channel towards the receiver. In such a case, a one is assigned to each sink. If the transmitted bit from each of the users is different, then a one is transmitted to the receiver. The output symbol of one cannot be unambiguously decoded even in the noiseless case. In a noisy environment, all channel transitions are possible and the 2-BAC output is described by a conditional probability distribution [14] . Turbo codes in conjunction with the Gaussian 2-BAC were first studied in [16] where parallel concatenated identical convolutional codes, separated by an interleaver, were used as inner codes in serial with an outer block code for both of the users. The main responsibility of the outer code was to restrict the paths in 2-BAC trellis [17] that could result in ambiguity at the decoder and it was one of a pair of the uniquely decodable (UD) binary block code [14] . In [18] , the performance of two non-identical turbo convolutional codes for two users was studied over the same 2-BAC. However, in such a case, the turbo codes were not concatenated with any other code and there was no condition of forming the UD code pairs. Initial results indicated that the non-identical turbo codes outperformed the concatenation of the inner turbo code and outer block code over the 2-BAC. The MFT codes for a 2-BAC employing distinct codes for each of the users were introduced in [19] . By using these distinct codes, errors because of noise and interference between the two users can be corrected [18] . The scope of the work in [19] was limited to the transmission of information of equal significance; consequently, each bit was equally protected.
Multimedia data, such as picture, audio and video usually constitute information with various levels of importance [20, 21] . It is beneficial to protect the most crucial data more than other non-critical parts of the data [20, 22, 23] . In [24] , it was shown that the BER at various positions within the turbo-coded data block is diverse and a rearrangement of the data bits before encoding could establish the unequal error protected (UEP). The MFT codes can also be modified to provide the UEP levels to information having various levels of importance [22, 23] . In [23] , the UEP was used in conjunction with the 2-fold turbo codes by transmitting one image in a white noise environment. The results indicated that better protection of the critical information did not only ensure better reception, but also improved the overall performance of the system. This paper extends the work in [19, 23] by investigating the performance of the UEP by using the modified MFT codes to transmit two digital images over a multi-user power-line channel. To demonstrate the practicality of the proposed UEP mechanism, each of the images is decomposed into luminance (L), saturation (S) and hue (H ) components. The L component of each of the images contains significant information compared to the S and H counterparts. The received signal is decoded using the trellis-based iterative decoding by employing the logarithmic version of the maximum a posteriori (MAP) symbol detection algorithm for the 2-BAC scenario. The performance of the modified MFT codes is compared with the equally error protected (EEP) MFT codes and the conventional turbo codes in terms of pixel error rate (PER).
The rest of the paper is organised as follows: Section 2 describes the MFT coding and explains how the UEP can be achieved from the MFT codes. Section 3 details the implementation of the system model. In Section 4, the MFT decoding applied to the two-user MA communication system is discussed. Section 5 briefly describes employed the power-line channel environment. The simulation results of the proposed methodology are presented in Section 6, while Section 7 concludes the paper.
Modified MFT codes
This section briefly discusses the modified turbo codes used in our work. The MFT codes employ M recursive systematic convolutional (RSC) codes concatenated in parallel. Each of the RSC encoders is separated by a different pseudo random interleaver. Prior to encoding, the information sequence is divided into multiple subsequences of equal length. Distinct subsequences are combined together to constitute information frames such that each of the subsequences must be a member of at least two frames. One of the frames is encoded in its original order; whereas each of the other frames is interleaved using a different interleaver before being encoded by a separate RSC As stated earlier, in the MFT coding, each of the subsequences is protected equally. However, the technique can be further modified to provide the UEP for each of the subsequences. For example, in a 2-fold code of three subsequences a, b and c, with a need to protect subsequence a more than the other two, the modified 2-fold encoder can be constructed, as shown in Fig. 1b . Three information frames ( a, b, c), ( a, b) and ( a, c) are constructed by placing the subsequence a in each of the frames. Two of the frames ( a, b) and ( a, c) are permuted by the two different interleavers, π 1 and π 2 , and the long frame ( a, b, c) remains unchanged. Each of the frames is subsequently encoded by one of the three parallel RSC encoders that generate three parity check frames: P ( a, b, c) , P ( a, b) and P ( a, c) corresponding to the three information frames.
A similar modification can be made, if we want to protect subsequence b or subsequence c more than the other subsequences. Usually, the frames with equal length are permuted using two different pseudo-random interleavers before they can be encoded; whereas the longer frame is encoded without any interleaving. Such a technique avoids the use of two interleavers having varying lengths. The interleavers with different lengths increase the complexity of decoding. The code rate for the modified encoder is reduced to 3/10 because the parity section for the first RSC is 50% longer than the EEP 2-fold turbo code.
3 Image transmission using modified MFT code over the 2-BAC An attractive application of the UEP using the modified MFT is the transmission of digital images over a noisy channel. Colour is an important factor of image visualisation. The International Commission on Illumination (CIE) introduced a three-dimensional model that describes the way people naturally perceive and interpret colour. The three dimensions are: L, H and S, as described in Section 1. The component L refers to the overall intensity of light, H defines the colour itself and S describes the dominance of H within the colour. The L part contains more significant information compared to other two parts, as shown in Fig. 2 . In transmission over a noisy channel, it may be desirable to protect the L component more than the other two. The two-level UEP offered by a modified 2-fold turbo code is well suited for the HSL-coded digital image. For the modified MFT encoder depicted in Fig. 1b , the subsequence a can be dedicated to the transmission of L component; whereas subsequences b and c can be allocated to the H and S components, respectively. The mechanism engaged by the modified MFT code for a reliable image transmission over the two-user power-line BAC is depicted in Fig. 3 . Two images are split into the corresponding L, S and H components. For both of the images, pixels of each of the components are converted into bits before the encoding process takes place. After the encoding process, as described in Section 2, the corresponding components are added up to make use of the 2-BAC definition. The most protected part, the L component of both of the images are added up. Similar addition is performed for the S and H components. After decoding, the decoded bits are mapped back to the corresponding pixel form so that the received components of the two images can be constructed. Thereafter, the components are merged to constitute the original images.
MFT decoding for the two-user MAC system
Similar to the encoder, the decoder for the modified MFT codes consists of M parallel and independent component decoders. The decoding process of the modified MTF codes discussed in Section 2 is shown in Fig. 4 . The received information is divided and rearranged in the format that was constructed prior to the encoding process. One of the decoders processes the long received frame having three combined subsequences; whereas the other decoders process the remaining two frames. After each of the decoding iterations, the extrinsic information generated by a decoder is rearranged and used by the other decoders as the a priori information. Decoding of the received sequence is performed using an iterative trellis-based decoding algorithm modified for the two-user scenario [25, 26] . The two-user trellis for the BAC channel is derived from the individual trellises associated with each of the users, which are combined to produce a single trellis. The single trellis is used to decode the received sequence of the 2-BAC. Each of the component decoders employs iterative decoding to detect the most likely pairs of the binary information symbols. The iterative algorithm uses the logarithmic-MAP (log-MAP) form of the Bahl-Cocke-Jelinek-Raviv (BCJR) technique [27, 28] , adapted for use in the 2-BAC by making use of the two-user trellis [17, 29, 30] . The log-MAP algorithm substitutes logarithms using the Jacobian logarithms and has quantisation with eight values of the correction function C f . The basic components of the decoding process are summarised below for brevity, but without the loss of generality. Let S k denotes the two-user trellis at time slot k. The log-likelihood ratios (LLRs), 
www.ietdl.org using the initial conditions α 0 (S k = 0) = 1 and α 0 (S k ≠ 0) = 0. Similarly, the term b k (S k ) can be computed as
using the boundary conditions β n (S k = 0) = 1 and β n (S k ≠ 0) = 0. The third term g i,j (r k , S k−1 , S k ) can be determined from the transition probabilities of the channel in use and the transition probabilities of the two-user trellis
After a fixed number of iterations, three different likelihoods are generated for each bit of the most protected subsequence a; whereas for the other two subsequences, there are two different LLR values corresponding to each of the information bits. These values define a confidence level for each of the transmitted bits. Therefore we obtain better estimated results for the subsequence a than the subsequences b and c. Out of the three LLR values for each of the information bit in subsequence a, the comparator 'Comp' selects the largest value; whereas the larger of the two values is chosen for each of the information bits in the subsequences b and c, respectively [22] .
Power-line channel modelling
Two main approaches to model the transfer characteristics of the PLC channel are: the multi-path model and the transmission line model [6] . The transmission line model [31, 32] describes the behaviour of a network with a large number of distributed components such as cables, joints and attached devices. Usually, detailed knowledge of all of the components within the network is required. The multi-path model [33, 34] describes the network response using very few parameters, namely path delays, attenuation coefficients and number of propagation paths. The results presented in this paper are based on the multi-path model. Moreover, power-line noise deteriorates the performance of PLC considerably. In our study, the asynchronous impulsive noise caused by switching transients in the network was considered. A suitable model for such type of noise is the Middleton's Class A noise model [35] , which is what we used in our study. This section describes the multi-path model and the Class A noise model briefly.
Multi-path model
In multi-path modelling, the power-line channel is regarded as a multi-path environment. The multi-path nature of the power-line channel is because of branches and impedance mismatches that cause multiple reflections. The transfer function of the power-line channel can be modelled as [33, 34] 
where n is the number of significant paths the signal travels prior to reach the receiver, g i is the weighting factor of the ith path, A( f, d pi ) is the attenuation increasing with frequency f and the length d pi . The factor e −2pfît i is the propagation delay, where t i can be computed from the length of the cable, dielectric constant of the insulating material and the velocity of the light.
Class A noise model
Middleton's Class A noise with zero mean and variance σ 2 is given by [35] 
where
and
In the above, X represents the impulsive noise and is characterised by Poisson distribution, whereas Y represents background additive white Gaussian noise and is characterised by Gaussian distribution. The parameter A, a product of the average rate of impulsive noise and the mean duration of a typical impulse, is called the impulsive index. The variable Z is a complex value argument and m represents the channel state. The variance s 2 m is defined as
The total variance of the Class A noise σ 2 is the sum of the variance of the Gaussian noise component s 
The parameter Γ, Gaussian to impulsive noise power ratio, is defined as
For small values of impulsive index, a highly structured impulsive noise is generated, whereas the noise probability density function is more likely to be Gaussian for greater values of A.
6 Simulation environment and results
System parameters
To demonstrate the practicality of the UEP using the modified MFT codes over the 2-BAC, two test images 'Lena' and 'Fish' were selected. First, both of the images were decomposed into the corresponding H, S and L components, and information frames were constituted, as described in Section 2. The image of 'Fish' was encoded by the modified MFT encoder employing the polynomial generator matrix used, and all of the results were obtained after six decoding iterations. The test runs up to 20 iterations and show that there was no significant improvement in the performance of both of the users after six iterations. The system parameters implemented for all of the simulations, to set up the power-line channel, are shown in Table 1 . The six-path impulse response provided by [34] was used to evaluate the performance of the proposed system. The impulse response was assumed to be constant over a symbol period. The orthogonal frequency division multiplexing (OFDM) [36] distributes in parallel, the overall transmitted data on several orthogonal subcarriers and transforms a frequency-selective fading channel to a group of many flat-fading subchannels. In PLC both, deep frequency fades (frequency domain) and impulsive noise (time domain), can cause burst errors [37] . For this reason, there is a need of spreading the error bursts in frequency as well as in time domain. An interleaving technique can ensure the randomly scattering of burst errors caused by the frequency fades. The OFDM possesses a unique property that disperses impulsive noise burst across several sub-carriers and is able to cope better in an impulsive noise environment [38] . The fast Fourier transform (FFT) operation in the OFDM receiver randomises the power-line impulsive noise, reducing the high amplitude to that of the Gaussian noise [37, 38] . At the same time, by using time domain interleaving, the aforesaid property is ruined [37] . In our study, we are employing frequency domain interleaving in conjunction with channel coding to make the system robust against burst errors as suggested in [39] .
Pixel error rate (PER)
Visually, the two still images with identical BERs may be perceived quite differently [22, 23] . Therefore the error www.ietdl.org rating of a still image transmission is assessed considering the pixel errors rather than the bit or frame errors. The PER can be interpreted as the average colour corruption on a digital image. For an n-colour digital image, the maximum possible colour displacement between any two received pixels is n − 1. For example, for a pixel z, if the transmitted and received pixels are T z and R z , respectively, then the visual disturbance ζ z introduced by the channel noise can be calculated as [22, 23] 
If a transmitted source image is composed of N pixels, then the PER can be calculated as [22, 23] 
Performance results
The results shown in Figs. 5 and Fig. 6 display the PER performance for the images 'Fish' and 'Lena' over the , the most protected component has approximately 2.2 dB gain over the least protected components. The performance curves of the least protected segments S and H are overlapping in Figs. 5a and b because they are provided with an equal level of protection.
Figs. 6a and b show that owing to the increased degree of randomness, the MFT code has a gain of 1 dB over the conventional turbo code for each of the images at 10 . At the same PER, the modified MFT code has a gain of 0.5 dB over the MFT code. Therefore the modified MFT code provides a gain of 1.5 dB over the conventional turbo code for both of the images.
Visual performance of all of the results displayed in Figs. 5a and b are presented in Figs. 7 and 8 for both of the transmitted images at SNR = 15 dB. Fig. 7a shows the visual impact of the UEP provided to the L component of 'Fish'. It can be observed that the L component reception is better than the S and H components shown in Figs. 7b and c, respectively. Similarly, Fig. 8a shows that the visual reception of L component for 'Lena' is better than the other two components reported in Figs. 8b and c, respectively. Fig. 9 shows that providing a higher protection to the L component also improves the overall visual performance of the received images. The visual reception of images transmitted through the modified MFT codes is considerably better than the same images transmitted through the conventional turbo coding without implementing the UEP.
Conclusions
In this paper, a modified form of the MFT code was presented for the HSL-coded still image transmission over a two-user power-line BAC. The simulation results using the MFT codes with the EEP and the modified form of the MFT codes providing the UEP were compared with conventional turbo coding performance. The results indicate that MFT codes perform better than standard turbo convolutional codes. Moreover, using the UEP provided by the MFT codes, information of significant importance can be protected more to perform up to 2 dB better than the least protected information. By protecting the most significant information better, without decreasing the protection level of the least significant components, the overall performance of the system is also improved. The modified MFT code had a gain of 0.5 dB over the MFT code, and 1.5 dB over the conventional turbo code for both of the images. The idea can be applied to any application where information can be classified in various levels of significance. In 2-fold turbo coding, each subsequence must be encoded at least twice. Therefore the modified 2-fold scheme discussed in the paper can only provide a two-level protection in which one component is protected twice than the other two components. Although the least important components can be punctured to increase the code rate, only non-punctured 2-fold turbo codes are considered in this paper. We will study the behaviour of punctured 2-fold turbo codes in future work. Moreover, the UEP scheme can be developed by any fold member of the multi-fold family and the degree of protection level can be modified, as required.
Although the use of the MFT coding increases the cost of decoding in terms of the operations involved in multiplexing, de-multiplexing and comparisons, the improved system performance and its ability to suppress the effect of impulsive noise in the PLC channel far outweigh the overhead introduced by the minimal computational complexity.
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